Two experiments evaluated the effects of increasing standardized ileal digestible (SID) Ile:Lys ratio on growth performance of nursery pigs. In both experiments, dietary treatments consisted of 40, 44, 48, 52, 54, 58, or 63% SID Ile:Lys ratio. Diets were formulated using analyzed ingredient AA values and NRC (2012) SID coefficients. A combination of field peas and spray dried blood cells were used to ensure a low enough Ile diet concentration while minimizing the excess of Leu. The experiments consisted of 8 pens per dietary treatment with 5 pigs per pen for a total of 280 nursery pigs per experiment (Exp. 1: PIC 327 × 1,050, initially 6.7 ± 1.0 kg BW; Exp. 2: DNA 600 × 241, initially 6.0 ± 0.97 kg BW). Data were analyzed using mixed models with heterogeneous variance, where appropriate. The dose response was further characterized using quadratic polynomial (QP), broken-line linear (BLL), or broken-line quadratic (BLQ) functional forms. For Exp. 1, diets were initiated 6-d post-weaning and fed for 12-d followed by a common diet from d 12 to 28. From d 0 to 12, increasing dietary SID Ile:Lys ratio increased ADG (linear, P < 0.005) and ADFI (quadratic, P < 0.017) but G:F decreased (quadratic, P < 0.043). For ADG, the QP, BLL, and BLQ models resulted in maximum ADG at 64.7, 52.0, and 52.0 SID Ile:Lys ratios, respectively. For ADFI, the BLL breakpoint occurred at 50.6 and the QP predicted maximum ADFI at 56.2 SID Ile:Lys ratio. In Exp. 2, diets were initiated 6-d post-weaning for 7 pens and 3-d post-weaning for one heavier block and fed for 18-d followed by a common diet from d 18 to 32. From d 0 to 18, ADG and ADFI increased (quadratic, P < 0.016) with no evidence for difference in G:F as SID Ile:Lys ratio increased. For ADG, the QP and BLL had similar fit with breakpoints or maximums occurring at 58.3 and 51.8% SID Ile:Lys ratio, respectively. For ADFI, the BLQ breakpoint occurred at 52.0 SID Ile:Lys and the QP maximum ADFI at 57.2% SID Ile:Lys ratio. In conclusion, broken-line models reported maxima of 52.0% Ile:Lys ratio while quadratic models were as high as 64% of Lys to maximize ADG and ADFI of 6-to 11-kg nursery pigs. However, for the QP models 99% of the maximum response was achieved with a dose comparable to that from the broken line models. Therefore, these results are similar to the NRC (2012) requirement estimate of 51.1 Ile:Lys ratio.
IntroductIon
Diets for nursery pigs can be supplemented with crystalline Lys, Met, Thr, Trp, Val without loss of performance (Nørgaard and Fernández, 2009; Gloaguen et al., 2014) . After these 5 amino acids, Ile is the next limiting amino acid in many practical formulations.
Translate basic science to industry innovation Thus, more trials are needed to further characterize the Ile requirement under practical conditions.
Research evaluating Ile requirements in nursery pigs usually takes one of two approaches, using either high dietary levels of spray dried blood cells (SDBC), which contain low Ile and high Leu concentrations, or diets without SDBC. In diets containing SDBC, excess Leu can be problematic as it increases production of branched-chain keto-acid dehydrogenase, which in turn metabolizes all branched chain amino acids (BCAA), causing an increased catabolism of Ile and raising the actual requirement (Langer et al., 2000; Wiltafsky et al., 2010; Morales et al., 2016) .
Using the second approach of studies using diets without added blood cells, Ile may not have been low enough (NRC, 2012) to elicit a response or other AA could have been limiting (van Milgen et al., 2012) . One approach to ensure a low enough dose to elicit a dose response is to use an ingredient that is both low in Ile and Leu relative to the other supplemented amino acids. One ingredient that fits this profile and is commonly used in practical diet formulation around the world is field peas. Therefore, in this experiment, field peas and low levels of SDBC were used to achieve low dietary Ile without excess Leu. Thus, the objective was to assess the Ile requirement for growth performance of nursery pigs using diets without excessive Leu.
MAterIAlS And MetHodS
The Kansas State University Institutional Animal Care and Use Committee approved the protocol used in the 2 experiments reported herein.
General
Both experiments were conducted at the Kansas State University Swine Teaching and Research Center using similar protocols, described as follows. Each pen (1.52 × 1.52 m, Exp. 1; 1.52 × 1.22 m, Exp. 2) contained a 4-hole dry self-feeder and a nipple waterer for ad libitum access to feed and water.
Dietary treatments were corn-and soybean mealbased containing 10% dried whey, 10% field peas, and 1.5% SDBC. Corn, soybean meal, field peas, and dried whey were analyzed for total AA content (excluding Trp; method 994.12; AOAC International, 2012) field pea batch and analysis prior to Exp. 2 called for a minor adjustment to Exp. 2 diets by decreasing crystalline amino acids slightly. The standardized ileal digestibility (SID) coefficients were obtained from NRC for all ingredients except field peas which were from Mathai (2015) . Crystalline amino acids replaced corn in diets as treatment levels of Ile increased. Except for Lys and Ile, all other AA were formulated above their requirement estimates (NRC, 2012) . Based on a previous study by Clark et al. (2016) , the Lys requirement for nursery pigs of this weight range in these facilities was at least 1.45% SID Lys. Thus, experimental diets were formulated to contain 1.28 and 1.24% SID Lys for Exp. 1 and 2, respectively, thus ensuring that pigs were below their Lys requirement and guaranteeing that Lys was second limiting. Dietary treatments consisted of 40, 44, 48, 52, 54, 58 , and 63% SID Ile:Lys ratio. Basal diets were manufactured for the lowest and highest Ile:Lys ratio treatments and then blended at the feed mill to create the intermediate levels. After the experimental period, a commonphase diet was fed, consisting of a corn-and soybean meal-base, containing no animal protein sources and formulated to 1.22% SID Lys. Technology) . Samples were also analyzed for AA analysis using methods described above (Ajinomoto Heartland, Inc., Chicago, IL).
Experiment 1
A total of 280 nursery pigs (PIC 327 × 1,050; 6.7 ± 1.0 kg BW) were used in a 26-d experiment with 8 pens per dietary treatment and 5 pigs per pen. Pigs were weaned at approximately 21 d of age and allotted to the nursery according to BW. After 6 d in the nursery, pens were allotted to dietary treatments in a randomized complete block design using BW blocks. Dietary treatments were fed for 12 d followed by a common-phase diet for additional 14 d (Table 2) . Pens of pigs were weighed and feed disappearance was measured on d 0, 12, and 26 of the study. Translate basic science to industry innovation
Experiment 2
A total of 280 nursery pigs (DNA 600 × 241, initially 6.0 ± 0.97 kg BW) were used in a 32-d experiment with 8 pens per dietary treatment and 5 pigs per pen. Pigs were weaned at approximately 20 d of age and randomly allotted to pens in blocks according to BW in a randomized complete block design. Dietary treatments were fed for 18 d followed by a common diet for 14 d (Table 3) . Pens of pigs were weighed and feed disappearance was measured on d 0, 18, and 32 of the study.
Statistical Analysis
Statistical analyses for these experiments were performed using methods described by Gonçalves et al. (2016) . Models were evaluated separately for each experiment. Briefly, for each experiment, we first fitted a base mixed model including the fixed effect of dietary treatment and the random effect block with pen as the experimental unit. The model was also used to explore heterogeneity of residual variances across dietary treatments and Bayesian Information Criteria (BIC) was used to decide on the best fitting model to account for heteroskedasticity. For Exp. 1, heterogeneous variance was applied for both ADG (40, 48, 52, and 54% Ile:Lys dietary treatments vs. 44, 58, and 63% SID Ile:Lys ratio dietary treatments) and G:F (54% SID Ile:Lys vs. all other dietary treatments) during the experimental period. For Exp. 2, heterogeneous variance was applied for ADG (48% Ile:Lys ratio dietary treatment vs. all other dietary treatments) and ADFI (48% Ile:Lys ratio dietary treatment vs. all other dietary treatments). After accounting for heterogeneous variance, orthogonal linear and quadratic polynomial contrasts accounting for unequal spacing between dietary treatments were evaluated.
The dose response was further assessed in both experiments using continuous response models fit to ADG and ADFI during the experimental periods (Exp. 1: d 0 to 12; Exp. 2: d 0 to 18). These procedures evaluated the functional forms of the relationship between ADG or ADFI and dietary treatments. The competing models evaluated were the quadratic polynomial (QP), broken-line linear (BLL), or broken-line quadratic (BLQ), following Gonçalves et al. (2016) . The bestfitting dose-response model was decided using BIC, whereby decreases of 2 points or more to indicate evidence for enhanced fit of the model with lower BIC. These guidelines were based on the suggestions of Raftery (1996) and Gonçalves et al. (2016) .
For each best fitting dose-response model, the individual pen means and fitted values were plotted. For the BLL and BLQ models, the estimated breakpoints with the respective 95% CI were reported. For the QP model the estimated SID % at maximum response and Translate basic science to industry innovation its corresponding CI was calculated as explained by Gonçalves et al. (2016) . Subsequently, evaluation of the base model linear and quadratic contrasts for feed efficiency resulted in quadratic effect in Exp. 1, with the lowest and the highest SID Ile:Lys ratios having the best G:F. Due to the lack of biological explanation of this response, the dose response for G:F was not modeled. Due to a lack of dose response for feed efficiency the dose response curve was not modeled in Exp 2.
Base models were fitted using the GLIMMIX procedure of SAS (version 9.4; SAS Inst. Inc., Cary, NC). Dose-response models: using PROC GLIMMIX and PROC NLMIXED according to procedures of Gonçalves et al. (2016) . Results were considered significant at P ≤ 0.05 and marginally significant at P < 0.10.
reSultS

Chemical Analysis
Amino acid analysis of ingredients resulted in corn generally being slightly higher in AA concentrations as compared to published values (NRC, 2012) whereas soybean meal showed slightly lower AA concentrations (Table 1) . Analysis of AA for field peas in Exp. 1 and for Exp. 2 were like expected values.
Proximate analysis of dietary treatments (Tables 4  and 5 ) generally matched formulated values. The AA analysis of the high and low Ile:Lys ratio diets were consistent with formulated values. Despite blending of the high and low diets, for a few AA analyses, the increase in Ile across dietary treatments was less than expected but within analytical variation. Amino acid analyses of diets were reasonably consistent with diet formulation with Ile increasing across the dietary treatments and other AA remaining relatively constant.
Experiment 1
From d 0 to 12, when dietary treatments were fed, increasing SID Ile:Lys ratio increased ADG (linear, P < 0.005) and ADFI (quadratic, P < 0.017; Table  6 ). However, as SID Ile:Lys ratio increased, G:F decreased then increased (quadratic, P < 0.043) with the lowest and highest concentrations of 40 and 63% SID Ile:Lys ratio having the best G:F. During the commondiet phase (d 12 to 28), there was no evidence for carryover dietary treatment differences in ADG, ADFI, or G:F. When the overall period was considered, ADG marginally increased (linear, P < 0.082) and ADFI increased (linear, P < 0.011) due to increasing SID Ile:Lys ratio in diets from d 0 to 12. Similarly, BW was increased (linear, P < 0.006) at the end of phase 1, but there was no evidence of dietary treatment differences for final BW at the end of the common diet period.
For ADG (Fig. 1 ) from d 0 to 12, the QP, BLL, and BLQ had similar competing fits (BIC = 558.3, 556.6, and 557.9, respectively). The BLL and BLQ reported 
Experiment 2
From d 0 to 18 when experimental diets were fed, ADG and ADFI increased (quadratic, P < 0.003), but there was no evidence for differences in G:F as SID Ile:Lys ratio increased (Table 7) . During the common diet period (d 18 to 32), there was no evidence for differences for ADG, but ADFI increased (linear, P < Translate basic science to industry innovation 0.010) and G:F decreased (linear, P < 0.009) for pigs previously fed diets with increasing SID Ile:Lys ratio. For the overall period (d 0 to 32), ADG and ADFI increased (quadratic, P < 0.034) with increasing SID Ile:Lys ratio with no differences in G:F. Finally, BW was increased (quadratic, P < 0.032) at the end of phase 1 and at the conclusion of the experiment with increasing SID Ile:Lys ratio.
For ADG (Fig. 3 ) from d 0 to 18, the BLL and QP were competing best fit models (BIC = 541.8 and , and broken-line quadratic (BLQ) models were fit for the experimental period to estimate SID Ile:Lys ratio to maximize ADFI. Bayesian Information Criterion (BIC) was used to determine the best fitting models; a lower value indicates a better fit to the data. 1 A total of 280 nursery pigs (DNA Genetics Line 600 × Line 241, initially 6.0 ± 0.27 kg BW) were used in a 32-d growth trial with 8 pens per treatment and 5 pigs per pen. Pigs were weaned at approximately 20 d of age. After a common diet period, pens were placed on experimental diets. Experimental diets were fed from d 0 to 18 and a common diet was fed from d 18 to 32.
2 Low (40% SID Ile:Lys) and high (63% SID Ile:Lys) complete diets were blended upon manufacturing at the feed mill to create the 44, 48, 52, 54, and 58% SID Ile:Lys dietary treatments.
3 Heteroskedastic modeling resulted in SEM = 11.5 for 40, 44, 52, 54, 58, and 63% dietary treatments and 3.5 for 48% SID Ile:Lys ratio treatment.
Translate basic science to industry innovation In experiments to determine the Ile:Lys ratio required by pigs, researchers use 1 of 2 different approaches in diet formulation, either with or without SDBC. Without SDBC it is difficult to obtain diets with low enough Ile:Lys ratios to characterize the lower part of the dose response curve. Use of higher level of SDBC (ex. 7.5%) allows researchers to reach the lower part of the dose response curve. Unfortunately, SDBC also contain high level of Leu (NRC, 2012) . The Ile requirement increases when other BCAA are in excess, particularly due to an antagonistic effect with excess Leu (Morales et al., 2016) . This mechanism occurs when elevated Leu increases levels of the enzyme complex branched-chain keto-acid dehydrogenase, which increases degradation of all BCAA; thus catabolizing Ile and increasing the requirement One replication was fed a common starter diet for 3 d due to increased weaning BW, and the other seven replications were fed a common starter diet for 6 d post-weaning, then placed on experimental diets. Experimental diets were fed from d 0 to 18 and a common diet was fed from d 18 to 32. Quadratic polynomial (QP), broken-line linear (BLL), and broken-line quadratic (BLQ) models were fit for the experimental period to estimate SID Ile:Lys ratio to maximize ADG. Bayesian Information Criterion (BIC) was used to determine the best fitting models; a lower value indicates a better fit to the data. (Langer et al., 2000; Wiltafsky et al., 2010) . Gietzen and Magrum (2001) also describe an anorexic response as a result of BCAA imbalance or deficiency. Thus, as feed intake is critical during the post-weaning period, it is important to understand the Ile requirement in relation to the level of SDBC in the diets. We used an alternative approach to diet formulation using 1.5% SDBC and diets that incorporated 10% field peas which allowed for further reduction of SID Ile:Lys but limiting SID Leu levels at no greater than 109% of Lys. The field peas were from a known batch of peas analyzed for total AA content with SID coefficients determined by Mathai (2015) . Due to the challenges associated with formulating diets with low Ile while limiting Leu, there are relatively few reports in scientific literature where this approach was used.
The Ile requirement seems to increase when SDBC are included in the diet due to antagonistic interactions previously described. Htoo et al. (2014) incorporated SDBC ranging from 3.7 to 4.1% of the diet, depending on the phase. This strategy allowed diets to be below the estimated Ile requirement, but also contain moderate Leu levels at no greater than 130% of Lys. They observed a 51 and a 54% SID Ile:Lys ratio requirement for 10-to 22-kg and 24-to 39-kg pigs, respectively, determined using averages from both curvilinear and exponential regression models. Kerr et al. (2004) evaluated the apparent ileal digestible Ile:Lys requirement for 7-to 11-kg pigs using 7.5% dietary SDBC and found the requirement was 61% Ile of Lys.
Similarly, Wiltafsky et al. (2009) using 7.5% dietary blood cells (1.61% SID dietary Leu) found a requirement as high as 59% SID Ile:Lys, but the requirement was only 54% in diets that included corn gluten rather than SDBC. Also, Nørgaard et al. (2013) evaluated the SID Ile:Lys ratio requirement for pigs weighing 8-to 18-kg and found that 52% SID Ile:Lys was sufficient in diets containing no blood products, agreeing with the results from the broken-line models in this experiment. Similarly, Soumeh et al. (2014) using SDBC-free diets found that 52% SID Ile:Lys ratio was the requirement for ADG and ADFI but that the requirement for G:F was slightly lower at 48% SID Ile:Lys ratio for 8-to 15-kg pigs. Barea et al. (2009) evaluated individuallyhoused 11-to 23-kg pigs and determined that for diets without SDBC, no greater than 50% SID Ile:Lys was necessary. A meta-analysis by van Milgen et al. (2012) also reported that diets containing no blood products required at least 50% SID Ile:Lys (and at least 55% SID Ile:Lys in diets with blood products).
Our estimates for the SID Ile:Lys ratio required to maximize performance based on quadratic models were much higher than levels in aforementioned literature, at 64% of Lys, while the broken-line models resulted in maxima very close to the NRC (2012) requirements. However, further evaluation of the quadratic models indicated that 99% of maximum ADG or maximum ADFI can be achieved using 51 or 57 SID Ile:Lys ratios, respectively, which is similar to the 52% SID Ile:Lys One replication was fed a common starter diet for 3 d due to in-creased weaning BW, and the other seven replications were fed a common starter diet for 6 d post-weaning, then placed on experimental diets. Experimental diets were fed from d 0 to 18 and a common diet was fed from d 18 to 32. Quadratic polynomial (QP), broken-line linear (BLL), and brokenline quadratic (BLQ) models were fit for the experimental period to estimate SID Ile:Lys ratio to maximize ADFI. Bayesian Information Criterion (BIC) was used to determine the best fitting models; a lower value indicates a better fit to the data.
estimates from the broken-line models. This indicates that even though the point minimum ratio for the broken line is much lower than the maximum point from the quadratic model, the majority of the responses with the quadratic models are achieved near the broken line point estimates. This helps explain why the 2 models had similar fit and overall have a similar interpretation once they are reviewed in context. Also, this illustrates that assumption of functional form to describe the response can be a source of variation between the results and conclusions of different studies.
In conclusion, these experiments demonstrate that the SID Ile requirement for 6-to 11-kg nursery pigs is approximately 52% of Lys for ADG and ADFI using broken line models and maximum response as high as 64% of Lys using quadratic models. These data validate that the Ile requirement for 6-to 11-kg pigs appears to be similar to NRC (2012) requirement estimates of 51.1% for the 7-to 11-kg nursery pig.
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